A specific radioimmunoassay procedure was developed to monitor the plasma concentrations of thiamin-binding protein, a minor yolk constituent of the chicken egg. By using this sensitive assay, the kinetics of oestrogen-induced elaboration of this specific protein in immature chicks was investigated. After a single injection of the steroid hormone, with an initial lag period of 4-5 h the thiamin-binding protein rapidly accumulated in the plasma, attaining peak concentrations around 75 h and declining thereafter. A 4-fold amplification of the response was noticed during the secondary stimulation, and this increased to 9-fold during the tertiary stimulation with the steroid hormone. The magnitude of the response was dependent on the hormone dose, and the initial latent period and the duration of the ascending phase of induction were unchanged for the hormonal doses tested during both the primary and secondary stimulations. The circulatory half-life of the protein was 6h as calculated from the measurement of the rate of disappearance of the exogenously administered '25I-labelled protein. Simultaneous administration of progesterone, dihydrotestosterone or corticosterone did not alter the pattern of induction. On the other hand, hyperthyroidism markedly decreased the oestrogenic response, whereas propylthiouracil-induced hypothyroidism had the opposite effect. The anti-oestrogen E-and Z-clomiphene citrates, administered 30min before oestrogen, effectively blocked the hormonal induction. aAmanitin and cycloheximide administered along with or shortly after the sex steroid severely curtailed the protein elaboration. A comparison of the kinetics of induction of thiamin-and riboflavin-binding proteins by oestrogen revealed that, beneath an apparent similarity, a clear-cut difference exists between the two vitamin-binding proteins, particularly with regard to hormonal dose-dependent sensitivity of induction and the half-life in circulation. The steroid-mediated elaboration of the two yolk proteins thus appears to be not strictly co-ordinated, despite several common regulatory features underlying their induction.
isolation and physico-chemical characterization of another vitamin carrier, namely thiamin-binding protein from egg white, and showed that this protein is similar to riboflavin-binding protein in terms of molecular size and affinity to bind to the respective vitamins. Furthermore, the two proteins exhibit great affinity to interact specifically with each other, and, unlike the vitellogenin split-products (lipovitellin and phosvitin), are present in both the yolk and white compartments of the egg. However, they can be easily distinguished chemically and immunologically and appear to be different gene products (Muniyappa & Adiga, 1979) . In view of the preliminary evidence for early oestrogenic induction of thiamin-binding protein in immature male chicks (Muniyappa et al., 1978) , it was decided to investigate the details of the kinetics of elaboration and hormonal modulation of this protein and compare them with those of riboflavin-binding protein . To facilitate these studies, a highly sensitive and specific radioimmunoassay procedure to monitor this protein in the blood was developed.
Materials and Methods
The source of male chicks and their maintenance have been reported . Blood samples were collected by cardiac puncture directly into heparinized tubes and the prepared plasma was stored frozen until used. Thiamin-binding protein was isolated and the specific antiserum was raised in rabbits as detailed elsewhere (Muniyappa & Adiga, 1979) . Riboflavin-binding protein was purified and the highly specific antibodies to the protein were raised in rabbits as described by Murthy et al. (1976) . Immunoglobulin fraction of normal rabbit serum was isolated (Campbell et al., 1970) and used to raise antibodies in goats (double antibody; Murthy & Adiga, 1977a) . Na125I for protein iodination was purchased from The Radiochemical Centre, Amersham, Bucks., U.K. Sephadex G-75, bovine serum albumin, oestradiol-17,6, progesterone, dihydrotestosterone, cycloheximide, corticosterone, Lthyroxine, propylthiouracil and a-amanitin were products of Sigma Chemical Co., St. Louis, MO, U.S.A. Chloramine-T was the product of Aldrich Chemical Co., Milwaukee, WI, U.S.A. The antioestrogens E-and Z-clomiphene { 1-chloro-2-[4-(2-diethylaminoethoxy)phenyl]-1,2-diphenylethylene} citrates were gifts from Merrell National Laboratories, Cincinnati, OH, U.S.A. Other chemicals and reagents were of analytical grade. Hormones and anti-oestrogens in propane-1,2-diol were injected intramuscularly, whereas cycloheximide and a-amanitin dissolved in 0.15 M-NaCl were administered intraperitoneally.
Homologous radioimmunoassay for thiamin-binding protein
Thiamin-binding protein was radioiodinated at 40C by the procedure of Greenwood et al. (1963) . Briefly, 0.5-1 mCi of carrier-free Na125I was introduced directly into a tube containing 5 pg of thiaminbinding protein in 50,ul of 100mM-sodium phosphate buffer, pH 7.5. The reaction was initiated by the addition of 25pul of chloramine-T (1 mg/mI). The protein was exposed to Na125I just for 30s and the reaction was terminated by the addition of 25,u1 of sodium metabisulphite (10mg/ml). (Moudgal & Madhwaraj, 1974) at 370C in a water bath. The antiserum (0.1 ml) was incubated with 0.5-lOOng of thiamin-binding protein for the standards in duplicates, and 0.1-0.2 ml portions of unknown samples were incubated with appropriate controls, for 12-14h Inter-assay and intra-assay variations A serum pool was analysed four to eight times for the intra-assay and four times for inter-assay variation, and data were analysed statistically (paired 't' test; Mulholland & Jones, 1968) . Coefficients of intra-and inter-assay variations were 2-6% and 3-5% respectively and the assay method had a sensitivity of 0.5 ng/ml. Fig. 2 . The plasma concentrations analysed before hormone administrations served as the respective baseline values, which were in the range 25-130ng/ml, depending on the batch of the birds and/or the feed. After each hormone treatment, a lag period of 4-5 h during which there was no detectable enhancement in the plasma concentration of this specific protein was observed in several experiments.
During primary stimulation with the steroid, the maximum accumulation of thiamin-binding protein was around 1400 ng/ml at 75 h, although as early as 6 h a significant increase in the concentration of the protein (200-250ng/ml) was repeatedly observed.
After reaching a peak at 75 h, the concentrations gradually declined, returning to the baseline value by day 6. A second hormonal dose administered after this time elicited the typical 'memory' effect noticed earlier with vitellogenin (Gruber et al., 1976) and riboflavin-binding protein in oestrogen-treated chickens. Moreover, the response was amplified roughly 4-fold, which was further magnified 9-fold (relative to that during primary stimulation) during the tertiary stimulation, as estimated by the measurement of the areas under the curves (Fig. 2) . The corresponding maximum concentrations of the protein were also increased by similar orders of magnitude. However, the timecourses of accumulation and disappearance after the three hormonal stimuli remained qualitatively the same with regard to not only the initial latent phases, but also the periods around which maximum concentrations were recorded after each hormonal dosing.
A comparison of these data with those obtained with riboflavin-binding protein clearly showed distinct qualitative and quantitative differences in finer details of the kinetics of the Vol. 186 hormonal induction of the two specific proteins. Confirmatory evidence for this premise was sought by simultaneous measurement of the plasma concentrations of the two proteins by using the respective specific radioimmunoassay procedure (Murthy & Adiga, 1977a (Fig. 3) . Furthermore, the results obtained (not shown) have demonstrated that this dose-dependency of the induction phenomenon persisted during the secondary stimulation also, with the expected difference, namely that the amplification of the response was proportional to the hormonal dose. Again the time course and the time of maximum accumulation in the plasma remained the same throughout.
It was considered desirable at this stage to compare the sensitivity of the induction of thiaminand riboflavin-binding proteins to different hormonal doses at early periods of primary stimulation during which the plasma accumulations of the proteins reflect primarily the respective biosynthetic rates. The data of Fig. 4(a) show that, when measured at 6 h after steroid dosing, the plasma concentration of the thiamin-binding protein increased linearly and steeply with the hormonal dose throughout the concentration range tested. By contrast, a minimum dose of approx. lmg of oestrogen/kg body wt. was necessary to elicit any significant production of riboflavin-binding protein at this early time of induction. Even with the maximum dose of the steroid hormone administered, the Oestradiol-1 7, (mg/kg body wt.) absolute amount of riboflavin-binding protein elaborated was around 35% of that of thiaminbinding protein. The sensitivities of the induction processes as represented by the slopes of the doseresponse curves were clearly different for the two proteins. At 24h (Fig. 4b) this differential sensitivity persisted, particularly at lower doses of oestrogen. Thus it is clear that the relative proportions of the two proteins would change with both the hormonal dose and the time after hormonal dosing, indicating a non-co-ordinate elaboration of the two proteins. Rate ofdisappearance of thiamin-bindingprotein
The data of Fig. 2 show that, despite the clear difference between the times of maximum accumulation during primary stimulation, the two proteins apparently were cleared from the circulation to attain their respective pre-stimulus values at around the same time (150h) after hormone administration. In other words, the rates of disappearance represented by the slopes of the curves during the late descending phase (representing primarily metabolic degradation) were different in the two cases, with the thiamin-binding protein apparently having a faster turnover rate. This premise was substantiated by measuring the rate of disappearance of exogenously administered 125I-labelled thiamin-binding protein. Vol. 186
analogy with the riboflavin-binding protein , exogenously administered thiaminbinding protein disappeared from the circulation in a biphasic manner with an initial rapid phase (a), presumably representing dilution with extravascular space, and tissue binding, to be followed by a relatively slower phase (b), predominated by metabolic clearance (McFarlane, 1964) . The disappearance during phase (b) followed first-order kinetics, and the least-squares fit of the data gave a slope of 0.059, corresponding to a half-life of 6 h in both control and oestrogen-treated chickens. This value is much lower than that calculated for riboflavin-binding protein (10h) and may be related to the fact that it is not a glycoprotein, unlike riboflavin-binding protein (Murthy & Adiga, 1977a) . This estimate, initially arrived at by measuring the whole blood radioactivity, was later confirmed by immunoprecipitation of the blood 125I-labelled thiaminbinding protein in the samples, which uniformly corresponded to around 70% of the total blood radioactivity.
Modulation of thiamin-binding protein induction by thyroid status Our earlier studies with the riboflavin-binding protein in chickens have shown that the oestrogen induction of synthesis of this specific protein is markedly influenced by the thyroid status of the birds (Murthy & Adiga, 1977b) . In view of the gross similarities in the kinetics of elaboration of the two vitamin-binding proteins, the modulation of the steroid-hormone-induced production of the thiaminbinding protein was investigated under experimentally induced hypothyroid and hyperthyroid conditions. The concentrations of this specific protein have been monitored during both the ascending (Palmiter & Wrenn, 1971 ) that oestrogen-induced growth, cytodifferentiation and synthesis of specific egg-white proteins by the magnum portion of the immature chick oviduct is effectively antagonized by progesterone during primary stimulation, whereas during subsequent stimulation this steroid could substitute for oestrogen in terms of the production of egg-white proteins. However, such a phenomenon could not be observed in the oestrogen-induced synthesis of a specific yolk protein such as riboflavin-binding protein (Chan et al., 1977) . The data on the elaboration of thiamin-binding protein by the chicken liver are also in accordance with these earlier findings (Fig. 6) . In fact, the ineffectiveness of progesterone during primary stimulation extended from the initial lag phase, throughout the duration of accumulation and decay to the extent of the maximum protein accumulation. Furthermore, even during secondary stimulation, progesterone was without any influence either by itself or in combination with the oestrogen. A similar phenomenon was encountered when either dihydrotestosterone or corticosterone (both 10mg/kg body wt.) was administered either individually or in combination with oestrogen during both primary and secondary stimulation (results not shown).
The absolute hormonal specificity of induction of thiamin-binding protein was tested by exposing the animals to various concentrations of potent synthetic anti-oestrogens, namely E-and Z-clomiphene (Table 2) . However, it is significant that both the anti-oestrogens by themselves were completely devoid of even low oestrogen-like activity in terms of induction of this specific yolk protein.
Effects of protein-synthesis inhibitors on the induction
In attempts to establish whether new mRNA synthesis is an essential prerequisite for the induction, aamanitin, a specific inhibitor of nucleoplasmic DNAdependent RNA polymerase (Tata et al., 1972) , was administered to immature male chicks at different times after both primary and secondary stimulation with oestrogen. A uniform dose of 200,g of aamanitin/kg body wt. was chosen in these experiments, although higher doses (>500 pg/kg body wt.) were required for eliciting maximum inhibition of RNA synthesis, which, however, often proved lethal to the experimental birds within 24h after the drug administration. When the plasma thiamin-bindingprotein concentrations were analysed at 30h after oestrogen administration, it could be shown (Table 3) that the earlier the drug was injected. the more pronounced was the inhibition. Furthermore, although the extents of inhibition during early times were comparable during the two stimulations, the induction phenomenon was relatively refractory during the secondary stimulation to the transcriptional inhibitor given later than 4 h after the hormonal dosing. When cycloheximide, a powerful translation inhibitor, was given along with the steroid hor- Table 3 . Effect of a-amanitin on induction of thiamin-binding protein during primary and secondary stimulation with oestradiol-17f
All chicks (1 month old) except the controls received 10mg of oestradiol/kg body wt. Groups of four to six chicks were used, and each bird received a-amanitin (0.02 mg/kg body wt.) at the time indicated. All chicks were killed 30h after oestrogen administration. Data are expressed as means ± S.D. Vol. 186 Table 4 . Effect of simultaneous administration of cycloheximide on oestrogen-induced thiamin-bindingprotein accumulation Data are expressed as means ± S.D. (n = 3). Oestradiol in 0.5 ml of propane-1,2-diol was injected into 1-month-old male chicks (10mg/kg body wt.).
Cycloheximide was administered intraperitoneally and the plasma concentrations of thiamin-binding protein were analysed 48 h thereafter by radioimmunoassay.
Treatment (mg/kg body wt.) None (control)* Oestrogen (10) Oestrogen (10) + cycloheximide (1) Cycloheximide * Pre-injection values.
Plasma thiamin-binding protein (ng/ml) 94 + 10.0 780 + 80.0 90+ 12.0 70 ± 23.3 mone and the circulatory concentration of the induced protein was measured at 48h, it was found that the induction of the specific protein was totally abolished, but the baseline values were relatively unaffected (Table 4 ).
Discussion
One of the intriguing questions concerning the regulation of protein synthesis in eukaryotic cells elaborating in concert multiple inducible proteins is whether there are common regulatory factors coordinating such a phenomenon, in analogy with the functioning of bacterial operons (Calhoun, 1975) . Attempts have been made to find an answer to this question for oestrogen-induced production of some of the egg-white proteins by the oviduct magnum of hormone-stimulated immature chicks (Palmiter, 1972; McKnight, 1978) . The chicken liver, responding with massive synthesis of several yolk proteins within a brief period after a single dose of oestrogen (Gruber et al., 1976) , should also be an attractive model system to investigate the above phenomenon of co-ordinate synthesis of several proteins. However, no concerted efforts have been made so far, presumably owing to paucity of well-characterized proteins that are amenable to such investigations. Our earlier studies on the hormone-induced synthesis of riboflavin-binding protein (a minor yolk constituent) in immature chicken liver did reveal close qualitative similarities between the kinetics of induction of this vitamin carrier and those of vitellogenin (Bergink et al., 1973) , but a strict quantitative comparison was not feasible in view of the differential sensitivities of the methods used to monitor the two proteins produced in vastly different quantities. The recent isolation and characterization of thiamin-binding protein and the demonstration that two vitamin-carrier proteins have in common several qualitative and quantitative characteristics (including dual sites of synthesis, unlike vitellogenin), but are different gene products (Muniyappa & Adiga, 1979) , prompted a more meaningful comparison of their induction by oestrogen. Their immunological non-identity, leading to the development of specific radioimmunoassays having comparable sensitivities (Murthy & Adiga, 1977a) , has been profitably exploited to quantify the concentrations of the two proteins in the plasma to understand the dynamics of the induction phenomena. Our data on the kinetics of induction of thiamin-binding protein during primary and secondary stimulations are in general comparable quantitatively with those for riboflavin-binding protein , and qualitatively for vitellogenin (Bergink et al., 1973) , particularly with regard to initial lag periods and overall rates of accumulation during ascending phases. The similar duration of the latent periods suggests that the molecular events preceding the protein induction may be common for the two vitamin-binding proteins as well as for vitellogenin. The data of Joss et al. (1976) clearly rule out the possibility that nuclear translocation of the hormone is the limiting factor responsible for this delay in the induction phenomena. Studies on vitellogenin synthesis (Jost et al., 1978; Burns et al., 1978) , demonstrating that the rapid transcription and accumulation of specific protein mRNA molecules start becoming manifest during the latent period itself, are relevant in this context. Since a-amanitin, a specific inhibitor of RNA polymerase II (Tata et al., 1972) , administered during this time severely curtailed subsequent accumulation both of vitellogenin (Jost et al., 1973) as well as of thiamin-binding protein during primary and secondary stimulation (Table 3) , it would appear that an analogous situation prevails during induction of the vitamin-binding proteins also.
However, it is clear from the data of Fig. 2 that, beneath these apparent similarities, there exist definite qualitative and quantitative differences between the induction kinetics of the two vitamin-binding proteins, particularly with regard to the duration of ascending phases and the kinetics of decay from circulation. One possible explanation for the difference in the times of maximum protein accumulation is suggested by the results of Fig. 4 concerning the differential sensitivities of the responses of the two proteins to various hormonal doses at early times of induction, with thiamin-binding protein requiring much lower concentrations of oestradiol-17/. to initiate and sustain protein accumulation compared with riboflavin-binding protein. It is conceivable that, after an initial rapid rise at the sites of action in the hepatocytes, the administered steroid hormone would slowly decrease in concentration (Joss et al., 1980 (Joss et al., 1976 ) to reach the respective critical threshold values essential to sustain the continued production of two proteins at different times (48h for riboflavin-binding protein, 75 h for thiamin-binding protein). Beyond these stages the rates of degradation would predominate over corresponding rates of synthesis, as represented by the descending phases of the curves in Fig. 2 . The finding that the concentrations of the two proteins reach their respective prestimulus values at about the same time can then be easily understood on the basis of the calculated clearance rates of the two proteins. It may be recalled that thiamin-binding protein has a much shorter half-life (6 h; Fig. 5 ) than the riboflavin-binding protein (lOh; . This phenomenon of differential induction of specific cellular responses to steroid-hormonal doses has been observed earlier in other systems. For example, Katzenellenbogen & Gorski (1972) and Anderson et al. (1973) have shown that in the rat the increase in uterine weight and the induction of 'induced protein' occurs when the nuclear oestrogen receptors are 50% saturated, whereas glucose transport is maximal at rather low degrees of nuclear receptor saturation. In the chick oviduct system (Palmiter & Haines, 1973; Mulvihill & Palmiter, 1977; McKnight, 1978) , the oestrogen dosage needed for half-maximal induction in vivo as well as in vitro of ovalbumin and its mRNA is 2-3 times higher than that required for induction of conalbumin and its mRNA to comparable extents. Since the corresponding percentage occupancy of the nuclear hormone receptors was also higher (80%) for ovalbumin than for conalbumin (50%), these differential responses were ascribed to either different numbers of specific chromatin sites of oestrogen-receptor binding or to different affinities of these receptors to the genomic regulatory sites corresponding to the two proteins (Mulvihill & Palmiter, 1977) . The same explanations may be applicable to differential expression of the genes of the two vitamin-binding proteins referred to above.
The 'memory effect' characterized by more rapid accumulation of thiamin-binding protein with consequent amplification of the response during secondary and tertiary stimulation has been previously encountered with vitellogenin (Gruber et al., 1976; Tata, 1976) and riboflavin-binding protein . This has been attributed to more pronounced transcription and accumulation of the corresponding mRNA species (Jost et al., 1978; Burns et al., 1978) . The prolonged persistence of a large proportion of the nuclear oestrogen receptors (Joss et al., 1976) Vol. 186 more attractive explanation of the 'memory effect'. Whatever may be the underlying mechanisms, the finding that during secondary stimulation oestrogen dose-dependency of the responses persists and the amplification is higher (4-fold) with thiamin-binding protein than with riboflavin-binding protein (2-fold) suggests that the phenomenon of differential sensitivity of the induction of the two vitamin carriers also extends to the duration of the 'memory' effect.
Despite these obvious differences of details the hormonal inductions of the two yolk vitamin-binding proteins appear to be inter-related and under analogous control mechanisms. For example, the modulation of induction of thiamin-binding protein by changes in the thyroid status of the birds (Table   1 ) is both qualitatively and quantitatively similar to the pattern obtained with riboflavin-binding protein . Again the complete ineffectiveness of progesterone (Fig. 6 ), dihydrotestosterone and corticosterone in terms of either substituting for oestrogen or modulating the induction pattern is in conformity with the findings with riboflavin-binding protein and contrasts with the results reported for egg-white proteins in the chicken oviduct (Palmiter & Wrenn, 1971; McKnight, 1978) .
Thus, it would appear that the induction of yolk proteins is highly oestrogen-specific. This premise finds further strong support from the data of Table  2 , showing that the anti-oestrogen E-and Z-clomiphene citrates when administered before or along with the inducer hormone completely annulled the plasma accumulation of thiamin-binding protein as well as riboflavin-binding protein . It is significant that these anti-oestrogens did not exhibit by themselves even weak oestrogen-like activity in terms of induction of thiamin-binding protein, unlike in the rat uterus (Mohla & Prasad, 1969) . These results confirm an observation that other anti-oestrogens, Nafoxidine and C-1628, were ineffective in promoting phosphoprotein production, though their affinity to bind to chicken liver chromatin was comparable with that of oestrogen (Gschwendt, 1975) . The data of Wittliff & Zelson (1974) with a Xenopus laevis liver system agrees with the above findings.
Ample evidence exists now to support the idea that there is an obligatory requirement for synthesis of new protein and mRNA before the onset of induction of specific proteins in both the chicken liver Jost et al., 1973; Greengard et al., 1964) and oviduct systems (Palmiter et al., 1976; McKnight, 1978) , presumably to initiate transcription of specific mRNA and to maintain the nuclear receptors at optimal concentrations (Joss et al., 1976) . Our data on the cycloheximide effect ( Table 4 ), indicating that the inhibitory influence on thiamin-binding protein persists at a time (24 h) when general hepatic protein synthesis has recovered completely, may be indicative of an obligatory requirement for synthesis of other protein intermediates early during the induction phenomenon (Joss et al., 1976; .
Thus it is clear from the data in the present paper and those reported earlier that the induction of the two vitamin-binding proteins (and by analogy, of vitellogenin also) have several common aspects, especially in terms of hormonal specificity, the initial lag phases and amplification during subsequent stimulations. However, the hormonal dose-dependent differential sensitivity of their induction and different clearance rates from circulation suggest that their elaboration, especially under conditions of limiting amounts of the inducer, may not be strictly co-ordinate and that their relative proportions are subject to experimental and physiological manipulations.
